We report spatially resolved ′′ ) mid-IR imaging observations of the planetary nebula (PN) NGC 7027 taken with the 2.5-m telescope aboard the Stratospheric Observatory for Infrared Astronomy (SOFIA). Images of NGC 7027 were acquired at 6. 3, 6.6, 11.1, 19.7, 24.2, 33.6, and 37.1 µm using the Faint Object Infrared Camera for the SOFIA Telescope (FORCAST).The observations reveal emission from Polycyclic Aromatic Hydrocarbon (PAH) and warm dust (T D ∼ 90 K) from the illuminated inner edge of the molecular envelope surrounding the ionized gas and central star. The DustEM code was used to fit the spectral energy distribution of fluxes obtained by FORCAST and the archival infrared spectrum of NGC 7027 acquired by the Short Wavelength Spectrometer (SWS) on the Infrared Space Observatory (ISO). Best-fit dust models provide a total dust mass of 5.8
INTRODUCTION
Polycyclic aromatic hydrocarbon (PAH) molecules containing fewer than ∼ 500 carbon atoms are abundant and ubiquitous components of interstellar medium (ISM) characterized by their broad emission features at 3. 3, 6.2, 7.7, 8.6, 11.3, and 12 .7 µm (Tielens 2008 and ref. therein) . Despite being smaller than ∼ 10Å in radius, observations of PAH features indicate that they account for ∼ 10% of carbon in the ISM (e.g. Allamandola et al. 1989 , Draine & Li 2007 , Compiègne et al. 2011 . The details of PAH formation and destruction are, however, currently unclear. One of the most pervasive questions on interstellar PAHs is how they are replenished and/or survive destructive shocks driven by supernova explosions given that their theoretical destruction timescale is over an order of magnitude shorter than their production timescale from stars (e.g. Cherchneff, Barker, & Tielens 1992; Micelotta et al. 2010a, b) . Even though significant repopulation of PAH-sized grains is predicted to occur in ∼ 100 km s −1 shocks due to grain-grain collisions and the fragmentation of large graphitic grains (Jones et al. 1996) , recent theoretical work shows that neither "parent" nor "daughter" PAHs can survive the passage of shocks with velocities 100 km s −1 (Micelotta et al. 2010a, b) . This is in direct contrast with the detection of PAH features in shocked regions (e.g. Tappe al. 2006 , Engelbracht et al. 2006 , Armus et al. 2007 .
The circumstellar environment of carbon-rich postAsymptotic Giant Branch (AGB) stars and young planetary nebulae (PNe) provide ideal laboratories to study the evolution of PAHs in the shocked regions impacted by collimated outflows from the central stars. Carbonrich AGB stars, which are descendants of stars with an initial mass < 8 M ⊙ , exhibit cool, dense outflows that are favorable environments for PAH formation (Latter 1991) . These PAHs are believed to seed the growth of amorphous carbon and are therefore important components in the chemical pathways towards dust formation (Tielens 2008) . Interestingly, PAH features are rarely observed towards carbon-rich AGB stars, which may be due to the cool effective temperatures of the AGB photosphere that are unable to excite the PAH vibrational and stretching modes. The PAH features are, however, present in spectra of carbon-rich post-AGBs and PNe where the circumstellar dust is heated by a radiation field blue from the hot degenerate core that is harder than the radiation field in the AGB-phase.
NGC 7027 is a young and carbon-rich PNe, one of the brightest and best-studied of its breed (e.g. Gillett, Low, and Stein 1967; Becklin, Neugebauer, & Wynn-Williams 1973; Moseley 1980) . The compact ∼ 10 arcsec diameter central region is very bright at infrared and radio wavelengths, while more recent studies have identified an extended molecular shell, which is likely the envelope of the progenitor AGB star (Fig. 1) . Proper motion studies of features in the radio continuum in comparison with line of sight velocities show that the distance is ∼ 1 kpc and the dynamical age only ∼ 1200 yrs (Zijlstra et al. 2008) . Infrared spectroscopy of the nebula reveals prominent PAH emission features as well as a high carbon abundance (Beintema et al. 1996 , Bernard Salas 2001 . Given the young age and relatively high mass (∼ 0.7 M ⊙ , Zijlstra et al. 2008) , it is not surpris-ing that NGC 7027 is excited by a very hot white dwarf, which has a temperature in excess of 200,000 K and an estimated luminosity of 7700 L ⊙ (Latter et al. 2000) .
Notably, the morphology of gas and dust in NGC 7027 exhibits significant deviations from spherical symmetry, which has been interpreted as evidence of interaction between the nebula and collimated high-velocity outflows from the central star (Graham et al. 1993 , Kastner et al. 1994 , Cox et al. 1997 . Outflows from central stars are commonly observed in PNe and are believed to be one of the mechanisms responsible for shaping multi-polar morphologies (e.g. Sahai & Trauger 1998; Sahai, Morris, & Villar 2011) . Kinematic observations of NGC 7027 indeed reveal asymmetric expansion velocities that suggest the passage of multiple collimated outflows through the ionized and molecular gas composing the nebula (Latter et al. 2000 , Cox et al. 2002 , López et al. 2012 . Three collimated outflows from the central star are identified by Cox et al. (2002) from kinematic information inferred from H 2 and Br-γ radial velocities measurements. The outflows exhibit position angles of −53
• , 4
• , and −28
• , which are referred to as outflows 1, 2, and 3, respectively (See Fig. 1 ). Extended X-ray emission found along the axis of outflow 1 (Kastner et al. 2001) suggest that it is the most recent outflow (< 1500 yr old). High redand blue-shifted Br-γ line velocities along outflow 1 of ± 55 km s −1 with respect to the systemic velocity of the nebula (v LSR ∼ 25 km s −1 ; Cox et al. 2002 , Nakashima et al. 2010 ) reinforce this interpretation. Bains et al. (2003) provide evidence of the interaction between outflow 1 and the nebula from their interpretation of a bright knot of red-shifted ionized gas at the north-west of the nebula, consistent with the axis of outflow 1. They find that the knot is bright due to higher temperatures as opposed to a density enhancement and claim the knot is associated with the receding, far-side of the nebula that is observable due to a "breach" in the near-side from a high velocity outflow. Recent kinematic models of NGC 7027 from CO, H 2 , and Br-γ velocity measurements substantiate this hypothesis and find evidence of a "hole" in the structure of all three emission components only along outflow 1 (Nakashima et al. 2010) . The nebular structure along outflows 2 and 3 are only found to exhibit holes in the CO and H 2 components, which may alternatively be due to UV radiation and photodissociation as opposed to outflow interaction. This alternative mechanism for hole formation via photodissociation does not apply to Br-γ, which implies the hole along outflow 1 exhibits the strongest evidence of interaction with a high-velocity collimated outflow.
In this paper, we present mid-IR imaging of the young and carbon-rich PN NGC 7027 at wavelengths from 6 to 40 µm with ∼ 4 ′′ resolution using the Faint Object Infrared Camera for the SOFIA Telescope (FORCAST). Compact PNe are ideal targets for SOFIA because of their high infrared surface brightness (e.g. Spuck et al. 2013 , Werner et al. 2014 . These are the first observations which extensively resolve the emission from the nebula at the wavelengths of its peak emission around 33.6 and 37.1 µm. The goal of our analysis is to study the morphology and energetics of the PAH and warm dust emission of NGC 7027 in the context of interactions with possible collimated outflows from the central star. In Sec. 2 we describe our observations with SOFIA -False color image of NGC 7027 combining archival visible and near-IR observations with HST and x-ray observations with Chandra. Molecular hydrogen, Paschen-α, and V-band emission are shown as red, green, and blue, respectively. X-ray contours are overlaid with levels corresponding to 20, 40, 60, and 80 % of the peak x-ray flux. The bi-directional arrows labeled 1-3 correspond to the direction of the outflows identified by Cox et al. (2002) . Outflow 1 (green) is believed to be the most recent and/or powerful outflow and shows a similar orientation to the bi-polar x-ray emission.
and the data reduction. In Sec. 3, we report our results on comparing the mid-IR and 6.2 µm PAH feature morphology to archival HST imaging data, studying the color temperature and optical depth of the warm dust, and fitting dust models to our mid-IR spectral energy distribution. Lastly, in Sec. 4 we discuss the heating of dust in the nebula via trapped Lyman-α photons and report evidence of dust processing and rapid PAH formation along a recent outflow from the central star.
NGC 7027 OBSERVATIONS
2.1. SOFIA/FORCAST Imaging Observations Observations of NGC 7027 were made using FOR-CAST (Herter et al. 2013 ) on the 2.5-m telescope aboard SOFIA. FORCAST is a 256 × 256 pixel dual-channel, wide-field mid-infrared camera sensitive from 5 − 40 µm with a plate scale of 0.768 ′′ per pixel and field of view of 3.4 ′ × 3.2 ′ . The two channels consist of a short wavelength camera (SWC) operating at 5 − 25 µm and a long wavelength camera (LWC) operating at 28 − 40 µm. An internal dichroic beam-splitter enables simultaneous observation from both long and short wavelength cameras. A series of bandpass filters are used to image at selected wavelengths.
SOFIA/FORCAST observations of NGC 7027 were taken on Basic Science Flight 59 on May 21, 2011 at 6.3, 6.6, 11.1, 19.7, 24.2, 33.6 , and 37.1 µm. The 6.3 and 6.6 µm narrow band filters have bandwidths of ∆λ = 0.14 and 0.24 µm, respectively. The broadband filters 11. 1, 19.7, 24.2, 33.6, and 37 .1 have bandwidths of ∆λ = 0.95, 5.5, 2.9, 1.9 and 3.3 µm, respectively. The 6.6 and 11.1 µm data were taken without the dichroic, while the 24.2 µm data was taken simultaneously with that at 37.1 µm, and the 19.7 µm data simultaneously with that at 33.6 µm. The total exposure time was 956 s at 6.3 µm, 972 s at 6.6 µm, 718 s at 11.1 µm, 841 s at 19.7 and 33.6 µm, 700 s at 24.2 µm, and 582 s at 37.1 µm. Chopping and nodding were performed to subtract fluctuations in the sky and telescope background. The chopping secondary on SOFIA was configured to chop with an amplitude of 85" at 4 Hz and the telescope was nodded perpendicular to the chop direction with a 85" throw. This chopping and nodding strategy made it possible to keep an image of the nebula within the field of view of the array continually during the observations. Calibration of the images was performed by observing standard stars and applying the resulting calibration factors as described in Herter et al. (2013) . Raw data were processed applying the latest techniques for artifact removal and calibration (Herter et al. 2013) . The 1-σ uncertainty in calibration due to photometric error, variation in water vapor overburden, and airmass is ±7%; however, due to flat field variations (∼ 15%), which we are unable to correct for, we conservatively adopt a 1-σ absolute photometric uncertainty of 20%. The integrated flux measurements of NGC 7027 across all wavelengths shown in Tab. 1 have a signal-to-noise ratio greater than ∼ 100.
A Richardson-Lucy deconvolution routine was performed on the processed NGC 7027 images in order to obtain higher spatial resolution and a uniform point spread function (PSF) at all wavebands. Due to the unstable PSF elongation in the cross-elevation direction in the earlier SOFIA flights, the standard stars observed during the flight were not used for the deconvolution. Instead, an artificially generated Gaussian PSF with a full-width at half maximum (FWHM) of the average 1-dimensional FWHM of the northeast and southwest edges of the NGC 7027 nebula was used for the deconvolution at each respective waveband. The resulting deconvolved images Note. -Elliptical 13 ′′ ×16 ′′ apertures were used to extract the fluxes. The 1-σ absolute flux calibration uncertainty is assumed to be 20%.
are shown in Figure 2 with uniform ∼ 3 ′′ resolution elements. Imaging with the 6.3 and 6.6 µm filters can be used as a diagnostic to approximate the equivalent width of the 6.2 µm PAH emission feature, I PAH6.2 , since the 6.3 µm filter is broad enough to include the 6.2 µm PAH feature and the 6.6 µm filter traces continuum emission. The ratio of the differential flux between 6.3 and 6.6 µm and the 6.6 µm continuum flux is used to define I PAH6.2 as follows:
, where F λ is the flux at wavelength λ. X-ray images of NGC 7027 were taken by the Chandra X-ray Observatory with the Advanced CCD Imaging Spectrometer (AICS) on 2000 June 1 (PI: J. Kastner, Obs. ID: 588). As performed by Kastner et al. (2001) , the image was convolved with Gaussian function with a FWHM of 2 pixels (∼ 1 ′′ ) to improve the signal-to-noise ratio.
RESULTS AND ANALYSIS
3.1. Dust, Gas, and PAH Morphology NGC 7027 exhibits a nearly identical ellipsoidal morphology across all the observed mid-IR wavelengths ( Fig. 2 ) with semi-major and semi-minor axes of ∼ 4 and ∼ 3", respectively. A region of reduced brightness is seen at the center of the ellipse in each mid-IR image as well. The position angle of the main axis of symmetry is approximately −30
• , consistent with the morphology of the HII and photo-dissociation region (PDR; Latter et al. 2000 , Cox et al. 2002 . Emission across all mid-IR wavelengths, which primarily traces warm dust, is enhanced by a factor of ∼ 2 along the minor axis of the ellipse. In the de-convolved images there are faint, extended features that deviate from the symmetry of the ellipsoidal shell, which can be seen in the low 19.7 µm flux contours in Fig. 3A -C. The asymmetric features extend ∼ 8" from the center of the nebula to the NW and SE at an angle of ∼ −55
• and exhibit fluxes of ∼ 10% of the measured peak flux along the equatorial edge of the shell.
Contours of the de-convolved 19.7 µm emission map and
) are overlaid on archival HST images of NGC 7027 in Fig. 3A -C and Fig. 3D -F, respectively, and show that the mid-IR emission and I PAH6.2 differ considerably. The I PAH6.2 map was derived from the 6.3 and 6.6 µm maps for pixels with a flux value greater than 3 times the standard deviation of the background flux. I PAH6.2 exhibits a peak value of 3.60 ± 0.78 at the northwest edge of the nebula.
The HST images in Fig. 3 map Paschen-α, molecular hydrogen, and V-band emission which trace the inner ionized region of the nebula, the hot neutral shell, and scattered light from the central star, respectively (Latter et al. 2000) 3 . The morphology of the mid-IR emission closely resembles Paschen-α (Fig. 3A) and appears bounded by the H 2 shell (Fig. 3B ). This suggests the mid-IR emission is dominated by dust within the HII region at the inner edge of the extended molecular envelope (e.g. Bieging et al. 1991 , Graham et al. 1993b .
The overall morphology of the 6.2 µm PAH feature resembles that of an ellipsoidal shell with a position angle similar to that at the other wavelengths. However, it is larger in size than the nebula in the mid-IR and more consistent with the H 2 morphology tracing the PDR (Fig. 3E) . Peaks in the PAH feature strength are detected at the NW and SE regions of the nebula, consistent with the asymmetric and extended emission at the longer mid-IR wavelengths. Spherically symmetric shells of the progenitor AGB-envelope that are apparent in the V-band emission in Fig. 1 ) are ∼ 1000 yr-old, which implies that the asymmetric mid-IR I PAH6.2 features were formed more recently. The PAH shell exhibits semi-minor and major radii of 4.6 and 8.5", respectively, which suggests that the PAHs are associated with the extended ( 9"; Bieging et al. 1991; Graham et al. 1993b ) molecular envelope formed during the AGB phase. This agrees with ISOCAM-CVF observations that show the 6.2 and 11.3 µm PAH emission features are more extended than the ionized gas and 9.8 µm continuum emission (Persi et al. 1999) . At inner positions coincident with the Paschen-α shell, the PAH feature strength decreases to 20% of the peak value of I PAH6.2 .
The presence of the outflows from the central star (see Fig 1) were determined from the kinematics and morphology of Brackett-γ and H 2 radial velocity measurements by Cox et al. (2002) . The V-band, near, and mid-IR images have symmetric axes consistent with outflow 3. The faint, asymmetric mid-IR emission and I PAH6.2 peaks at the NW and SE of the nebula are consistent with the orientation of outflow 1. Evidence for interactions between the nebula and outflow 1 are apparent in the extended emission at the NW and SE regions of the V-band image. The V-band image exhibits a bright knot ∼ 4 ′′ NW of the central star consistent with the axis of outflow 1 and coincident with the suggested "breach" in of NGC 7027 is presented in Latter et al. (2000) and Cox et al. (2002) . the nebula reported by Bains et al. (2003) . No enhanced emission is detected at the expected "counter-breach" position along outflow 1 SE of the central star, which may be due to an asymmetric outflow (e.g. Danehkar, Parker, & Steffen 2016) and/or higher extinction along the line of sight to the SE (Kastner et al. 2001 ).
Color Temperature and Optical Depth
The color temperature map of NGC 7027 shown in Fig. 4A is produced using the deconvolved (FWHM ∼ 3 ′′ ) 19.7 and 37.1 µm images assuming the emission is optically thin and takes the form
is the Planck function which depends on the emission frequency, ν, and dust temperature T d , and β is the index of the emissivity power-law. Pixel flux values less than a factor of 3 times the standard deviation of the background flux in each image were rejected from the map. The 19.7 and 37.1 µm maps were selected because they provide the longest wavelength baseline to derive temperatures, which excludes the wavebands that trace PAH emission features. No correction for interstellar or local extinction is applied since NGC 7027 is relatively nearby (∼ 910 pc) and the relative reddening between 19.7 and 37.1 µm is less than the adopted 20% photometric uncertainty assuming a mean visual extinction of A V ∼ 3 (Robberto et al. 1993 ) within the nebula.
Since NGC 7027 is a carbon-rich nebula, it is assumed that dust is primarily composed of amorphous carbon, and an emissivity index of β = 1.2 is adopted (Colangeli et al. 1995) . The 19/37 color temperature map is shown in Fig. 4A overlaid with the 19.7 µm emission contours. The 1-σ uncertainty in the 19/37 color temperature is ∼ ±6 K. Temperatures exhibit peak values of ∼ 130 K at the inner northern and southern edges of the nebula, ∼ 3" from the central star, and do not coincide with the regions of peak mid-IR emission. The NW and SE regions of the nebula that coincide with outflow 1 show temperatures of ∼ 100 and ∼ 90 K, respectively, which are hotter than the temperatures at locations equidistant from the central star (∼ 60 − 70 K). A color temperature map derived with the 33.6 and 37.1 µm images, which are less affected by extinction, reveals a similar overall thermal structure (i.e. same positions of temperature maxima and minima) as the 19/37 map, validating the decision to ignore the differential extinction across the nebula.
An optical depth map of the dust emission at 37.1 µm (Fig. 4B) is derived from the color temperature and 37.1 µm emission maps by evaluating
at each pixel position, where Ω p is the solid angle subtended by a pixel (1.4 × 10 −11 sr). The morphology of the optical depth map shown in figure 4B is consistent with an ellipsoidal shell with a position angle identical to that of the mid-IR emission maps (∼ −55
• ). Optical depths peak along lines of sight towards the equatorial and northeast regions of the nebula and exhibit maximum values of τ 37µm = 0.09 ± 0.03. The mean optical depth, τ 37µm ∼ 0.04, implies a visual extinction of A V ∼ 4 assuming the R V = 3.1 Weingartner & Draine (2001) extinction curve where A V /A 37 ≈ 93.
At the NW and SE regions coincident with outflow 1, the optical depth map shows distinct minima that are ∼ 25% of the peak values along the equator. Figure 4C illustrates the deviations from azimuthal symmetry in the integrated optical depth along outflows 1 and 2 "slices" subtended by identical angles. The general morphology of the optical depth resembles that of the molecular envelope of NGC 7027 as traced by the CO (1 -0) emission at its systemic velocity (25 km s −1 , Graham et al. 1993b; see Fig. 7 in Cox et al. 2002) . Additionally, recent HCO + (J = 3-2) observations by Huang et al. (2010) taken with a similar spatial resolution (3 ′′ ) to the FOR-CAST imaging data closely resemble the optical depth map and indicate the dust is primarily located in the PDR and inner edge of the molecular envelope. Note that the 37.1 µm optical depth map is sensitive to regions of warm dust emission and therefore does not trace cold (T d ∼ 20 K; Sanchez Contreras et al. 1998) distributions of dust deeper into the extended molecular envelope.
Dust Spectral Energy Distribution Model
Dust models are produced using DustEM (Compiègne et al. 2011) , which is capable of generating spectra of very small grains (VSGs, 10Å < a < 100Å) and polycyclic aromatic hydrocarbons (PAHs). Models are fit to the mid-IR flux measurements of the entire NGC 7027 nebula (Tab. 1) and archival ISO/SWS spectra where the emission is assumed to be optically thin. The radiation field heating the HII region, where the dust emission primarily originates (see Fig. 3A ), is complicated since the 200,000 K white dwarf primarily emits photons with energies greater than the ionization threshold for hydrogen. Self-consistent radiative transfer models of NGC 7027 (Volk & Kwok 1997; Hasegawa, Volk, & Kwok 1999) show that the radiation field from the central HII region is a combination of visible continuum photons from the central star and line photons from the ionized gas that correspond to the local interstellar UV field scaled up by χ ∼ 3 × 10 4 (the dominant dust heating mechanism is discussed in Sec. 4.1). A standard radiation field of Mathis et al. (1983) scaled up by a factor of 3 × 10 4 is therefore adopted for the DustEM models.
Initially, only a single uniform distribution of amorphous carbon with radii a > 0.1 µm (Sanchez Contreras et al. 1998) was adopted. However, a large grain (LG; a > 0.1 µm) distribution under predicts the measured fluxes at λ 11 µm by over an order magnitude. Dust emitting at λ 11 µm likely trace a distribution of smaller, transiently-heated grains (e.g. Draine & Li 2001) . Smaller sized grains exhibit higher temperatures under the same heating conditions as larger grains due to lower heat capacities. Additionally, PAHs/VSGs are not typically heated in equilibrium with the incident radiation field given their small absorption cross-sections and therefore exhibit much greater temperatures when struck by individual photons. Given the presence of PAHs in the nebula (this work, Beintema et al. 1996 , Bernard Salas 2001 , PAH and VSG components were introduced in the models in addition to the LG component. A log-normal distribution of 3.1 − 12Å PAHs centered at a 0 = 6.4Å with a width σ = 0.1 (Compiègne et al. 2011 ) and a power-law size distribution of amorphous carbon VSGs with a min VSG = 12Å and an index α = −3.5 are adopted for the models. The free parameters for the SED models 
LG 5.6 Note. -The total dust mass from the best fit model is 5.8
−2.6 × 10 −3 M ⊙ . M d is the dust mass of each dust component, f M is the percentage of the component's dust mass to the total dust mass, a min and amax are the minimum and maximum limits of the grain size in the component, and a 0 is the size of the single-sized LG distribution and the center of the log-normal PAH size distribution. The indicated 1-σ errors of the model parameters are based on the reduced-χ 2 from least squares fitting.
were the LG size, a LG , the maximum VSG size, a max VSG , and the dust mass abundances for LGs, VSGs, and PAHs (M LG , M V SG , and M P AH , respectively). Since emission from the VSG component will be dominated by the smaller grains in the distribution, a max VSG is not well constrained. The adopted and fitted parameters are provided in Tab. 2.
The best-fit SED model is shown in Fig. 5 (left panel ) overlaid with the spectrum from ISO/SWS and indicates that dust in the nebula by mass is primarily composed of the LGs, which we have assumed to be = 1.5 µm-sized amorphous carbon grains. The total dust mass is 5.8 Figure 5 (right panel ) shows a zoomed-in plot of the PAH features between 5 -13 µm. VSGs and PAHs are shown to contribute ∼ 2% and ∼ 1.5% to the total dust mass, respectively. Assuming a gas-to-dust mass ratio of 150, the results from the fit imply a total gas mass of ∼ 0.9 M ⊙ , an order of magnitude greater than the ionized gas mass (∼ 0.02 M ⊙ , Latter et al. 2000) and 30% less than the observed molecular gas mass (∼ 1.3 M ⊙ ; Santander-Garcia et al. 2012). The deviations from the dust-derived mass and the ionized and molecular gas masses are expected since the warm dust emission traces the HII region and PDR of the nebula, but does not trace colder dust in the dense, molecular envelope.
DISCUSSION

Dust Heating by Trapped Lyman-α Photons
The central star of NGC 7027 exhibits a temperature and luminosity of T ef f = 200, 000 K and L = 7.7 × 10 3 L ⊙ , respectively (Latter et al. 2000) . Based on our bestfit dust models, the total IR luminosity re-radiated by the warm dust is ∼ 5.6 × 10 3 L ⊙ , which is ∼ 70% of the central star luminosity. The high effective temperature of the central star, however, implies that most of its luminosity (∼ 99% assuming a T ef f = 200, 000 K blackbody) is in the form of ionizing photons (E > 10.2 eV). Due to this luminosity discrepancy and the consistent morphology of the mid-IR and ionized gas emission, we claim that trapped Lyman-α photons that are rapidly absorbed and re-emitted in the HII region are responsible for heating the dust.
The Lyman-α luminosity, L Lyα , can be estimated by
where V is the volume of the emitting HII region, n e is the electron density, α B is the type-B recombination coefficient, α 2s1 is the recombination coefficient for the two-photon process (α 2s1 < α B ; Osterbrock & Ferland 2006) , and d is the distance to NGC 7027 (910 pc). Radio flux measurements of free-free emission from the HII region, S ν,f f , can therefore be used to estimate L Lyα given that S ν,f f = j ν,f f (n e , T e ) V , where j ν,f f is the volume emissivity for free-free emission. Zijlstra et al. (2008) provide 15 GHz flux measurements of 5.8 Jy for NGC 7027. Assuming an electron temperature of T e = 15, 000 K (Roelfsema et al. 1991 , Latter et al. 2000 , we estimate a Lyman-α luminosity of L Lyα ≈ 4 × 10 3 L ⊙ . The slight discrepancy between the Lyman-α and IR luminosity is likely due to dust heating from Lyman-α (and other line photons) "leaking" from the HII region into the PDR (e.g. Volk & Kwok 1997) . Our results therefore indicate that dust is heated by trapped Lyman-α photons.
Evidence for Dust Processing and Rapid PAH
Formation Along Outflow 1 The optical depth minima in the nebula coincident with outflow 1 from the central star (Fig. 4B ) and deviations from azimuthal symmetry in the optical depth (Fig. 4C) indicate that significant quantities of the LG dust distribution have been removed via sputtering and/or shattering. A comparison of line cut measurements of the optical depth and I PAH6.2 along outflows 1 and 2 shown in Fig. 6A -C indeed reveal a noticeable spatial anti-correlation between the optical depth and I PAH6.2 along outflow. The observed 6.2 µm PAH emission feature, I PAH6.2 , scales with both PAH abundance and the hardness of the incident radiation field. We claim that deviations in the strength of I PAH6.2 are mainly due to changes in PAH abundance and not variations in the hardness of the radiation field since PAHs throughout the nebula share a common heating source.
The coincidence of the PAH emission peaks with the optical depth minima and outflow 1 suggests they are physically linked. Figure 6A shows the spatial anticorrelation between I PAH6.2 and optical depth minima. Note that τ 37µm is not sensitive to the optical depth of PAHs since τ 37µm is derived from the 19.7 and 37.1 µm maps that trace emission from the LG distribution. Given the morphological evidence, we claim that the LGs were processed/destroyed and that PAHs were rapidly formed in the interaction between outflow 1 and the nebula.
Dust in shocked regions undergo sputtering due to collisions with ionized particles impacting the grain with kinetic energy higher than the surface binding energy of the grain. Sputtering can occur in two different modes that are distinguished by whether the collisions are isotropic with low relative velocity between the dust and gas (thermal) or if the collisions are due to the relative motion between the dust and gas (non-thermal). Large grains are also shattered in collisions with smaller grains with relative velocities 1 v 75 km s −1 for graphitic/amorphous carbon dust (Jones et al. 1996) . This shattering results in the redistribution of dust mass from large to smaller grain sizes, and is therefore predicted to be an efficient mechanism of PAH formation. In this section, we discuss the effects of dust destruction and shattering in the PDR due the shock driven by outflow 1. We show that the optical depth minima of the LGs are likely due to the destruction of dust via nonthermal sputtering and that the enhanced PAH abundance is due to rapid PAH formation from grain-grain collisions in the post-shock environment of the PDR and molecular envelope.
Dust Destruction
We first consider the destruction of the large dust grains (a ∼ 1 µm) from thermal sputtering by collisions with ionized particles. The thermal sputtering timescale, τ sp , must be comparable to or shorter than the radiative cooling timescale of the shocked gas, τ cool if significant thermal sputtering is expected to occur.
The electron temperature and density of the shock driven by outflow 1 into the PDR and molecular envelope, where the emitting mid-IR dust is located, can be estimated by the observed properties of the diffuse, shocked gas in the cavity of the nebula. X-ray observations of the bi-polar shocked gas that are believed to be associated with outflow 1 (see Fig. 1 ). Assuming a solar abundance for gas composing the nebula, the radiative cooling timescale in the PDR and molecular envelope can be approximated by (Draine 2011) τ cool ≈ 0.14 yr T 
which is much faster than the cooling timescale of the diffuse, x-ray emitting gas interior to the envelope (∼ 2.5 × 10 4 yr). Thermal sputtering is only important for shocks with T e 10 6 K ), therefore we do not expect short thermal sputtering timescales. The thermal sputtering timescale for graphitic grains (Draine & Salpeter 1979 ) for a T e ∼ 3 × 10 5 K shock is approximately 
where n H is the hydrogen number density of the shocked medium. Since the cooling timescale in the PDR is much shorter than the thermal sputtering timescale for the shock driven by outflow 1, it is unlikely that the destruction of the LGs is due to thermal sputtering.
Next, we consider the effects of non-thermal sputtering. As the shocked PDR rapidly cools, the gas and the embedded magnetic field are both compressed. Due to their inertia, the LGs in the post-shock regions of the PDR will exhibit a differential velocity from the gas of ∼ 3/4 the shock speed. Since the grains are likely charged, they will undergo "betatron acceleration" and gyrate around the magnetic field lines embedded in the compressed gas (McKee et al. 1987 , Jones et al. 1994 . Grains that are large enough such that the deceleration time due to gas drag (τ drag ∝ a) is longer than the cooling time of the shocked gas will be accelerated by the magnetic field and destroyed via non-thermal sputtering as the grain spirals around the field lines relative to the "stationary" gas. McKee et al. (1987) (1 + 1.52 x p φ 2 ), (5) where v s is the shock velocity, ρ gr is the bulk density of the dust grain, x p is the hydrogen ionization faction, and φ is the grain charge parameter. We note that the estimated velocity of the 3 × 10 5 K shock (v s ∼ 80 km s −1 ) is similar to the de-projected velocity of the PDR along outflow 1 (∼ 70 km s −1 ) as approximated by adopting an inclination of 53
• , consistent with the position angle, and the ±55 km s −1 red-and blue-shifted Br-γ line emission measured by Cox et al. (2002) . Calculations of the grain charge parameter in T e ∼ 10 5 K shocks indicate |φ| 3 (e.g. McKee et al. 1987; Bocchio, Jones, & Slavin 2014) . For a fully ionized plasma (x p = 1) and adopting |φ| ≈ 3, we find that the LGs inferred from our model (a ∼ 1.5 µm) will be greater than a crit and therefore dominated by non-thermal sputtering in the shock driven by outflow 1.
The rate at which a dust grain decreases in size due to traveling at a speed v relative to ions i is given by
where m sp is the mass of the sputtered atom (12 m p for amorphous carbon), A i is the abundance of ion i relative to hydrogen, and Y i is the sputtering yield for ion i which is a function of E kin i = 0.5m i v 2 . Adopting nebular abundances from Bernard Salas et al. (2001) and the Tielens et al. (1994) yields for hydrogen and helium ions, which dominate the non-thermal sputtering, and assuming v ≈ 3/4v s = 60 km s −1 , we determine a lifetime of ∼ 675 yr for 1.5 µm sized grains. Since the derived ∼ 675 yr non-thermal sputtering lifetime is shorter than the ∼ 1000 yr dynamical timescale of the nebula, we claim that significant dust destruction via non-thermal sputtering has occurred in regions of the PDR impacted by outflow 1. The LG lifetime is likely shortened when considering the effect of LG shattering via grain-grain collisions discussed in the following subsection.
Dust Shattering and PAH Formation
Grain-grain collisions in shocks will greatly impact the redistribution of mass from larger to smaller grain sizes as large grains are fractured into many smaller fragments (Jones et al. 1996) . Grain collisions are not an efficient mechanism for grain destruction since vaporization requires collisions between large grains, which are rare due to their low number density. Although VSGs and PAHs do not compose a large percentage of the total dust mass, they have a much higher number density since n d ∝ a −3.5 and will therefore collide frequently with the large ∼ 1 µm sized grains. Importantly, the small grain distributions are weakly affected by betatron acceleration since a VSG/PAH < a crit (Eq. 5), which implies a high relative velocity difference between small grains and the large grains that are gyrating around the compressed magnetic field lines.
The collision timescale between large grains of size a LG moving with velocity v LG relative to small grains of number density n VSG can be estimated by
and we can approximate the VSG number density as
where χ D/G and χ VSG/LG are the dust-to-gas and VSG-to-LG mass ratios. Adopting χ D/G = 1/150 and χ VSG/LG = 0.02, we evaluate the collision timescale between 10Å and 1.5 µm grains to be The grain-grain collision timescale is shorter than the non-thermal sputtering timescale for the LGs and the thermal sputtering timescale for VSGs and PAHs (Eq. 4), implying that the small grain projectiles will survive through the cooling of the shocked gas and that numerous VSG/PAH-LG collisions will occur before the LGs are sputtered away. The overall outcome of the outflowdriven shock into the PDR is therefore a net production of VSGs and PAHs, which is apparent from the enhancement of the 6.2 µm PAH emission feature we observe along outflow 1 (Fig. 6A and B) . We note that Eq. 9 also shows that collisions between LGs will occur on timescales of ∼ 2000 yr, a factor of two longer than the dynamical age of the nebula. Hotter dust temperatures localized along outflow 1 (Fig. 4) at the optical depth minima support the dust shattering/VSG production scenario since VSGs exhibit higher temperatures than large grains in identical heating conditions. This is due to the lower heat capacity of VSGs, which proportional to the total number of atoms composing the grain.
Interactions Along Outflows 2 and 3?
The maps of the 37 µm optical depth and strength of I PAH6.2 exhibit significant anti-correlation only along outflow 1 (see Fig. 6 ). We therefore do not find evidence of PAH formation along outflows 2 and 3 in the PDR of the nebula. We consider the following explanations to account for this observation: 1) outflows 2 and 3 were weaker than outflow 1 and unable to breach the nebular shell, 2) outflows 2 and 3 are not associated with a true outflow but rather a bipolar UV-radiation field (e.g. Nakashima et al. 2010) , and/or 3) outflows 2 and 3 are significantly older than outflow 1 and the VSGs/PAHs formed in the interaction with the nebula have propagated far enough away from the central star such that they are not detected.
The absence of optical depth minima coincident with the orientation of outflows 2 and 3 suggests that the envelope has not been breached recently by these outflows. We estimate the timescale for a breached envelope to "equilibrate" to a more uniform density to be an orbital period around the central star, ∼ 2 Myr. This equilibration timescale is several orders of magnitude greater than the age of the nebula and indicates that explanation 3 is unlikely.
It is difficult to rule out explanations 1 or 2. The peaks in the dust temperature at regions in the nebula consistent with outflows 2 and 3 (∼ 130 K; Fig. 4 ) are suggestive of a bipolar UV-radiation field from the central star, which favors explanation 2; however, there is no obvious enhancement in the ionizing flux along outflows 2 and 3 based on previous observations of the HII region (e.g. Latter et al. 2000 , Cox et al. 2002 . We favor explanation 1 given the alignment of the X-ray and high-velocity Br-γ emission (Kastner et al. 2001; Cox et al. 2002) .
CONCLUSIONS
We have reported mid-IR images of the warm dust and PAH emission from the ∼ 1000 yr-old PN NGC 7027. The key contribution of the SOFIA/FORCAST observations of NGC 7027 were the spatially resolved 33.6 and 37.1 µm images that trace the peak emission of large grains and the 6.3 and 6.6 µm images that trace the 6.2 µm PAH feature in the nebula. The mid-IR morphology of the nebula closely resembles that of the ionized inner edge of the molecular envelope as traced by Paschen-α line emission (Fig. 3A) . At the NW and SE edges of the nebula there is extended and diffuse mid-IR emission that deviates from the azimuthal symmetry of the nebula and is coincident with similar extended features in molecular hydrogen and V-band images. Notably, this asymmetry is coincident with outflow 1 from the central star (Cox et al. 2002;  Fig. 1 ).
Color temperature maps derived from the 19 and 37 µm images indicate that hot dust (T d 100 K) is present in the cavity. Temperatures are also slightly higher along the outflow 1 (T d ∼ 100) relative to regions equidistant from the central star where T d ∼ 70 (Fig. 4A) . The 37 µm optical depth map exhibits a similar morphology to the CO (1-0) emission (Graham et al. 1993b ) tracing the dense, molecular envelope and clearly reveals optical depth minima along outflow 1 (Fig. 4B) .
Our DustEM emission model reproduced a close fit to the ISO/SWS spectrum and SOFIA/FORCAST mid-IR photometry of NGC 7027 (Fig. 5) . We adjusted the dust properties of three independent components to fit the emission. The dust components were amorphous carbon large grains (LGs, a ∼ 1.5 µm) and very small grains (VSGs, a 12Å), and PAHs (3.1Å < a < 12Å). The best-fit revealed a total dust mass of 5.8 +2.3 −2.6 × 10 −3 M ⊙ , where LGs, VSGs, and PAHs compose 96.5, 2, and 1.5 % of the dust by mass, respectively.
Analysis of the total IR luminosity (L IR ∼ 5.6 × 10 3 L ⊙ ) and the hard radiation field of the ∼ 200, 000 K and 7.7 × 10 3 L ⊙ central star shows that dust in the nebula cannot be heated directly by the central star. Given the free-free emission measurements from radio observations that are unobscured from the effects of local extinction, we determined that the total luminosity in trapped Lyman-α photons is consistent with the observed IR luminosity. These results imply that dust in the nebula is heated by the trapped Lyman-α photons re-radiated in the de-excitation of ionized hydrogen.
Lastly, we claim that the spatial anti-correlation between the optical depth and the 6.2 µm PAH emission feature strength (Fig. 6A) is evidence for recent dust processing and rapid PAH formation along outflow 1. Despite the size of the LGs in the nebula, LGs can be destroyed by outflow 1 dust to non-thermal sputtering from "betatron acceleration" along magnetic field lines embedded in the dense, radiatively cooled post-shock regions. The size of the LGs also makes them susceptible to frequent grain-grain collisions that fracture the LGs and redistributes mass to VSGs and PAHs. Our observations demonstrate that PAHs can indeed be formed rapidly in shocks and that grain-grain collisions are likely an efficient mechanism for PAH formation.
There are several follow-up questions that warrant further study on dust processing and PAH formation in shocks: how efficient is PAH formation in shocks via grain-grain collisions? Do PAHs survive after forming? Can the enhancements in PAH/VSG abundances be linked to the morphology, outflow history, and/or age of PNe? Interestingly, a recent mid-IR imaging study of the ∼ 2500 yr old bipolar PN M2-9 (Werner et al. 2014) revealed that equal masses of small (a < 0.1 µm) and large (a > 1 µm) are present in its lobes, where they suggest collisional processing has influenced the grain size distribution. Additional spatially resolved mid-IR observations of other PNe will be important to establish the relation between central star outflows and mass redistribution in dust. Obtaining mid-IR spectra will be equally as important. Although our mid-IR observations with SOFIA are able to resolve the prominent 6.2 µm PAH emission feature, there are degeneracies in the SED modeling of these regions due to the lack of spatially resolved spectral coverage. As can be seen in Fig. 5 , the relative PAH and VSG abundances are difficult to fit without spectral coverage between 6 λ 12 µm. The question of the survival of newly formed PAHs is an important question to address especially given recent theoretical studies that indicate PAHs should not be able to survive 100 km s −1 shocks (Micelotta et al. 2010a, b) . These newly formed PAHs, however, will be difficult to trace as they move further away from the central star due to the decrease in the incident flux of optical/UV photons that excite the PAH features. Future high angular resolution, ground and space-based IR observatories such as the thirty meter-class telescopes and the upcoming 6.5-m James Webb Space Telescope (JWST; expected launch date Oct 2018) will therefore be ideal platforms for exploring the formation and evolution of PAHs in various astrophysical contexts.
